An important property of spin-torque nano-oscillators (STNOs) is their ability to produce a frequency modulated (FM) signal, which is very critical for communication applications. We here demonstrate a novel single sideband (SSB) modulation phenomenon using a magnetic tunnel junction (MTJ)-based STNO, which saves transmission bandwidth and in principle should minimize attenuation for wireless communication. Experimentally, lower single sidebands (LSSBs) have been successfully demonstrated over a wide range of modulation frequency, f m = 150 MHz-1 GHz. The observed LSSBs are determined by the intrinsic properties of the device, which can be modeled well by a nonlinear frequency and amplitude modulation formulation and reproduced in macrospin simulations. Moreover, our macrospin simulation results show that the range of modulation current and modulation frequency for generating SSBs can be controlled by the field-like torque and biasing conditions.
with single sideband (SSB) modulation. It is thus desired that all forms of communication be based on SSB. However, traditional SSB modulators like the Hartley 28 and Weaver modulators 29 require many circuit components, including low-pass filters, phase shifters, and quadrature mixers. This significantly increases both size and complexity of the modulators.
We here propose an entirely new scheme for SSB modulation, in which a nanopillar of MTJ is used to directly generate an SSB modulation at a high carrier frequency. We demonstrate lower single sideband (LSSB) modulation rates up to 1 GHz, taking advantage of the STNO's nonlinear properties. This advancement in SSB through STNOs opens up a new dimension of applications that are easily approachable, fast, and practical for on-chip technology. We show that the observed SSB can be quantitatively explained using NFAM theory 18, 22 . Furthermore, using macrospin simulations, we show that the field-like torque can be used to manipulate the range of modulation current I m and modulation frequency f m for observing the SSB.
Results
Devices. The device is a MTJ-based STNO nanopillar with a circular cross-section of nominal diameter (D) of 180 nm, as shown in Fig. 1(a) . The structure of the device is IrMn (5 nm)/CoFe (2.1 nm)/Ru (0.81 nm)/CoFe (1 nm)/CoFeB (1.5 nm)/MgO (1 nm)/CoFeB (3.5 nm). The antiferromagnetic IrMn layer is used to provide an exchange bias on the adjacent CoFe-pinned layer (PL), which couples antiferromagnetically through Ru to the composite CoFe/CoFeB reference layer (RL). The CoFeB layer above the MgO tunnel barrier is the free layer (FL). The RL magnetization is taken to be along the positive x-axis. The magnetization of the FL at zero field is antiparallel to the magnetization of the RL, so that the angle between the free and reference layers, defined by ϕ is 180°. The FL magnetization can be coherently rotated with an external magnetic field from 140° to 220°1 5 . The resistance-area product in the parallel state is about 1.5 Ω μm 2 . The tunneling magnetoresistance of the device under study is 84% as shown in Fig. 1(b) , which shows the magnetoresistance measured along ϕ = 180°. The magnetoresistance show a shift of the hysteresis loop due to interlayer exchange coupling, H IEC between the FL and RL. The measured H IEC is about 110 Oe. Figure 1 (c,d) shows the behavior of the frequency and power versus dc current, measured with an in-plane magnetic field of H app = 450 Oe and ϕ = 190°3 0 . As expected for this device 30 , the precession corresponds to the magnetization of the FL, for which the frequency red-shifts and power increases very rapidly with dc current. Figure 1 (e,f) shows the corresponding simulated behavior of the FL frequency and power versus dc current, which shows excellent agreement with experiment. An important property of this free-running behavior is the presence of a maximum frequency of operation of the STNO, f max ~ 5.74 GHz for both experiment as well as simulation. As we will show below, this property is essential for observing LSSB.
Free running properties.
Experimental results of LSSB generation. In Fig. 2 , we show how lower single sideband (LSSB) modulation is produced when an additional RF signal is superimposed over the dc current (I dc ). The additional RF signal with relatively low frequency is analogous to the information that needs to be sent with the high-frequency carrier generated by the STNO. LSSB generation is shown in Figs 2(a-f) at varying modulation currents and modulation frequencies, respectively. LSSB generation is characterized by the dramatic disappearance of the upper sideband from the spectrum. Figure 2 For I dc = 4.4 mA, the STNO is modulated close to f max so that the frequency of the upper sideband falls in the region where no mode is allowed. Hence, we get the LSSB modulation for f m = 150-500 MHz at I dc = 4.4 mA. In the case of I dc = 6.4 mA, the carrier frequency (f 0 ) is ~275 MHz far from f max , which explains the higher threshold i.e., f m = 275 MHz for the observation of clear LSSB. Thus the onset frequency for generation of LSSB is directly related to the difference (f max − f 0 ) [See supplementary information], which are ~65 MHz and ~272 MHz, for I dc = 4.4 mA and I dc = 6.4 mA, respectively. Hence the SSB operating region strongly depends on the value of dc current, and operating above I th shifts the onset of SSB to higher f m for a given I m .
Detailed study shows that SSB can be achieved up to 1 GHz (not shown). We have also achieved upper sideband (USSB) modulation for a different experimental condition of H app = 200 Oe and ϕ = 260°. At this condition, the STNO frequency shows a blue shift with dc bias current [see supplementary information]. However, the signals obtained in that condition were having large linewidth. Hence, we will concentrate on LSSB in this study.
Macrospin simulations. The behavior of LSSB modulation has been reproduced by macrospin simulations performed at T = 300 K, as shown in Fig. 3 . Similar to the experimental conditions, we have selected two bias currents from Fig. 1(e) . These conditions are I dc = 5 mA and 6.4 mA, corresponding to the sub-threshold region and above the threshold region, respectively. The simulated results show excellent qualitative agreement with the experimental results of Fig. 3(e) ]. In simulations, we also studied the modulation behavior at a much higher bias current of I dc = 7 mA, and found that LSSB can be achieved at relatively high f m > 425 MHz [white dashed line in Fig. 3(f) ] for I m = 1.2 mA. In fact, the onset f m where a clear SSB can be seen above the threshold current increases with I dc , in qualitative agreement with experiment. At a fixed modulation current, the onset of LSSB is also found to be related to the difference (f max − f 0 ) in simulations in agreement with experimental results [see supplementary information]. Agreement with theory of nonlinear frequency and amplitude modulation. The generation of LSSB with complete suppression of the upper sideband is very striking. We will show that this is a consequence of combined nonlinear frequency and amplitude modulation (NFAM) 33 . NFAM theory predicts an unequal amplitude of sidebands and has been successfully applied to nanocontact STNOs 18, 19 as well as spin Hall nano-oscillators 23 . In Fig. 4(a,b) we show the experimental behavior of the power of the carrier and of the first-order sidebands with modulation current measured at f m = 200 MHz for I dc = 4.4 mA and 6.4 mA, respectively. As can be seen, the upper sideband has significantly less power than the lower sideband. We will now describe the behavior of the power of the carrier and sidebands with modulation current using NFAM theory. Assuming that the frequency is nonlinear up to fourth order and the amplitude is nonlinear up to third order, the NFAM spectrum can be written as 33 We keep I m within the 0-1.5 mA range so that the modulation acts as a small perturbation. As expected from modulation theory, the carrier power decreases and the lower and upper sideband power increases with the modulation current. The NFAM theory quantitatively reproduces the same dependence on the modulation current I m [Fig. 4(a,b) ] as I m increases. However, for I dc = 4.4 mA, the upper sideband is always completely suppressed and only the lower sideband is present. Such asymmetric sideband power is a consequence of the STNO's nonlinearity. At I dc = 6.4 mA, the LSSB power is nonzero at 200 MHz.
Effect of field-like torque on SSB generation. In order to further explore the origin of SSB in our experiment, we investigated the influence of field-like torque on SSB modulation using macrospin simulations. Figures 5(a-f) show the effect of the ratio of field-like torque to spin transfer torque, b f = 0, 0.25, and 0.50 over the broad range of f m = 150-1000 MHz and I m = 0.5-3 mA. It is clear from the comparison that, at higher field-like torque, no clear SSB modulation is observed. At low values of b f = 0.25, the threshold f m increases drastically from 275 MHz to 525 MHz, as compared to the condition of b f = 0. Utilizing a higher b f = 0.5 increases the onset f m for seeing the SSB to 725 MHz. This behavior of the LSSB with field-like torque is expected on the basis of the following arguments: LSSB is mainly caused by the large-amplitude nonlinearity and weak red-shift of frequency shown in Fig. 1 . The field-like term affects the frequency tunability with the bias current [see supplementary Fig. 4(a) ] 30, 34, 35 . Hence, for higher field-like terms, the frequency of the upper sideband can lie below f max with finite power, leading to the disappearance of LSSB. Thus, the observation of LSSB in our experimental results indicates the presence of smaller field-like torque, which is consistent with our earlier work on similar devices 30, 36 .
Conclusion
We have here explored the nonlinear frequency and amplitude modulation behavior in order to obtain SSB modulation in an MTJ-based STNO. We demonstrated LSSB for both the sub-threshold and above-threshold regimes at modulation current in the range 0.3-1.5 mA. Successful LSSB was also achieved for modulation frequencies f m ranging from 150 MHz to 1 GHz, indicating robust LSSB modulation in these systems. The performance of the STNOs as an LSSB generator can be tuned with operating conditions as well as with the field-like torque term present in MTJ-based devices. Given their high data rate, smaller size, and easier implementation, SSB modulation through MTJ-based STNOs may potentially meet the demand for integration on microchip-based communication devices to replace existing complex SSB generators.
Methods
Experimental procedure. The dc bias current was applied to the MTJ device using a bias tee. A resistive microwave power divider (0-12.4 GHz) was used between the bias tee and amplifier to send the modulating signal from an external signal source (a Rohde & Schwarz SMB 100 A signal generator). The modulation current was varied from 0 mA to 1.5 mA and the modulation frequency was varied in the 50 MHz-1 GHz range. The signal was amplified and detected with a spectrum analyzer. The amplifier had a gain of 52 dB and a working range of 1-18 GHz. All the data have been corrected to take into account the amplification, losses due to the power divider, losses in the transmission line, and losses due to reflection at the STNO (impedance mismatch). The reflection due to impedance mismatch is calculated from the scattering matrix element S 11 , measured with a vector network analyzer 15 . A projected field magnet mounted on a stepper motor was used to vary the in-plane field angle. The results were reproduced in a number of devices (>10).
Macrospin Simulation. Macrospin simulations were performed by solving the Landau-Lifshitz-Gilbert-Slonczewski (LLGS) equation. The fourth-order Runge-Kutta method was used for temporal discretization of the LLGS equation, which was then integrated in small time steps dt to obtain an approximate numerical solution. The parameters used for the simulation are as follows: saturation magnetization M sat = 10 6 A/m; diameter of the device D = 240 nm; polarization efficiency P = 0.65; thickness of the free layer t fl = 3.5 nm; and Gilbert damping parameter α = 0.022. The fixed-layer polarization was taken along the x direction. The device diameter was used as a fitting parameter to match the threshold current with experiments. The parameters used for the simulation are similar to those in our earlier work 36 . An interlayer exchange coupling (H IEC ) of 117 Oe, and field angle of 188° was used in the simulations to match the experimental frequency of the STNO. All simulation were performed at T = 300 K. To include the effect of temperature, a time-varying random field was also introduced in the system, adding to the net effective field. This random noise was scaled numerically using the formulation given by William Fuller Brown 37 . During the simulation, the behavior of magnetization under different external perturbations was recorded in the time domain. This data was later converted to the frequency domain using a Fast Fourier transform (FFT), for comparison with the experimental results.
